Mutants with multiple low-level antibiotic resistance were isolated from virulent wild-type Aeromonas salmonicida strains exposed to a low concentration of any one of several low-molecular-mass (approximately 635 daltons or less) antibiotics. Multiple resistance was toward beta-lactam compounds (penicillin G, ampicillin, cloxacillin), quinolones (flumequine, oxolinic acid, nalidixic acid), tetracyclines, chloramphenicol, and novobiocin. Susceptibilities of the mutants toward several higher-molecular-mass (>700 daltons) hydrophobic or polycationic antibiotics such as rifampin, erythromycin, polymyxin B, and streptomycin sulfate were not affected. The mutants-were obtained at frequencies suggesting point mutations. Outer membrane protein profiles, examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, revealed that all multiple low-level resistant mutants were deficient in a major protein of approximately 38.5 kilodaltons and contained a major protein of approximately 37 kilodaltons which was not present in significant amounts in the wild-type strains. In addition, these mutants lacked exoprotease activity. Furthermore, mutants isolated as deficient in exoprotease were found, with the exception of one avirulent strain, to exhibit multiple low-level antibiotic resistance and the outer membrane protein changes.
Aeromonas salmonicida is the causative agent of furunculosis in salmonid species of fish. The continued use of antibiotics to treat furunculosis outbreaks in cultured fish has led to the development of antibiotic resistance in A. salmonicida (4, 18) , and the presence of R factors in this microorganism has been shown (3, 4) . More recently, antibiotics such as oxolinic acid (5) and flumequine (A. Scallan, Ph.D. thesis, University College, Galway, Republic of Ireland, 1983) have been promoted for the treatment of this disease since plasmid-encoded resistance to these antibiotics has not been reported. However, mutational resistance to such antibiotics can occur (30) . A. salmonicida strains, resistant to these antibiotics, have been isolated from diseased fish (4; this paper).
In addition to mutational resistance to specific antibiotics or groups of related antibiotics, mutations which affect the outer membrane of gram-negative bacteria may alter susceptibilities to a much wider range of inhibitory agents (for review, see reference 22) . Although mutations altering outer membrane permeability may provide only low-level multiple resistance (10, 17, 25, 27) , this resistance may be additive to other resistance mechanisms residing in the microorganism (17, 26, 27) producing strains with a high level of resistance.
The present study was promoted by the isolation of exoprotease-negative mutants of A. salmonicida which retained the virulence of their parent wild-type strain (9) but exhibited a multiple, low-level resistance to a wide range of low-molecular-mass antibiotics.
MATERIALS AND METHODS
Bacterial strains. Wild-type strains of A. salmonicida were obtained from various sources (see Table 1 ), and cultures were maintained on brain heart infusion (BHI) agar. All BHI * Corresponding author. agar plates were incubated at 22°C for 24 h. BHI broths were incubated at 22°C for 24 h on a shaker (model G-26; New Brunswick Scientific Co., New Brunswick, N.J.) at 150 rpm. Mutants lacking exoprotease (caseinase) activity (Prt-) were isolated on skim milk overlay plates with BHI agar as a basal medium following subculture of lyophilized cultures or treatment ofthe cultures with ethidium bromide as previously described (9) . Mutants isolated as antibiotic resistant were selected as colonies growing on BHI agar plates containing ampicillin (0.5 ,ug ml-'), chloramphenicol (1.5 jig ml-'), flumequine (0.1 ,ug ml-'), penicillin (4 ,ug ml-'), or rifampin (8 jig ml-'). The plates were surface inoculated from BHI broth cultures with approximately 2 x 108 cells as estimated by optical density. The antibiotic-resistant mutants were checked for exoprotease activity by plating on skim milk agar overlay plates (9) . Mutants lacking the A layer (A-) were isolated following incubation of cultures at elevated temperature, as described by Ishiguro et al. (14) , and were checked for the presence of A layer by transmission electron microscopy (9) .
Antibiotic susceptibilities. Inocula were grown in 25-ml Erlenmeyer flasks containing 10 (29) . Cell suspensions were incubated at room temperature with gentle stirring and added lysozyme (final concentration of 1 mg ml-' for A' strains incubated for up to 10 h and 0.5 mg ml-' for A-strains incubated for up to 4.5 h). Spheroplast formation was followed, and outer membranes were separated by centrifugation (13) , washed, and suspended in 1 ml of Tris hydrochloride containing 2 mM EDTA. The protein content of samples was estimated by the Coomassie blue assay (Bulletin 1969, Bio-Rad Laboratories, Richmond, Calif.), using bovine serum albumin as the standard. Outer membrane samples were precipitated and washed with trichloroacetic acid (10% [wt/vol] final concentration) at 4°C, followed by three washes in 9 parts acetone-1 part 0.065 M Tris hydrochloride, pH 6.8. Supernatants were removed, and samples were air dried and stored at -20°C.
SDS-PAGE. The outer membrane sample preparation was as described by Laemmli (16) except that the samples were boiled for 1 min and vortexed for 30 s three times. Samples of 30 ,ul, containing 80 to 140 ,g of protein, were applied to the gels as described by Ames (2) . The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels were prepared as described by Laemmli (16) except that the ammonium persulfate concentration was 0.027% (wt/vol) in the stacking gel and 0.03% (wt/vol) in the separating gel, and the tetramethyl-ethylenediamine concentration was 0.1% (wt/vol) in the stacking gel and 0.054% (wt/vol) in the separating gel. The stacking gel was 4.5% acrylamide and 3 cm in length, and the separating gel was 12% acrylamide and 15 cm long with a thickness of 1.5 mm and a width of 19 cm. The electrode and separating buffer were pH 8.5. The samples were stacked at 70-V and separated at 140-V constant voltage. The proteins were fixed and stained as described in LKB application note 321 (LKB-Produckter AB, Bromma, Sweden).
Enzyme assays. Cultures (50 ml) were grown in BHI broth (optical density at 660 nm of 1 to 1.5). The cells were harvested by centrifugation at 10,000 x g for 10 min at 4°C. Shock fluids (10x concentrated) were obtained by the sucrose-EDTA and MgCl2 procedure of Willis et al. (29) . Spheroplasts were prepared from shocked cells as described above. The spheroplast pellet was suspended and lysed in 5 ml of 0.033 M Tris hydrochloride, pH 7.2, containing a small amount of DNase, incubated at room temperature until viscosity was reduced, and centrifuged at 10,000 x g for 10 min at 4°C. All fractions were assayed for protease activity, using azocasein, as described by Jensen et al. (15) ' Prt-mutants selected in the presence of ampicillin (Rest. 80204-Al, AsFL-A1) or penicillin (AsL-P1). f A-layer-negative strains isolated after incubation at elevated temperature (14) . g Spontaneously occurring Prt-derivative of ATCC 14174 (9) .
Susceptibility of all Prt-mutants toward rifampin, erythromycin, polymyxin B, and streptomycin sulfate was not changed when compared with the parent strains (data not shown). Antibiotic-resistant colonies (86 tested) isolated from virulent wild-type strains by selection on plates containing low inhibitory levels of one of these antibiotics (rifampin) were all Prt+ and showed increased resistance only to the antibiotic used for selection.
The one exception to the above observations was the avirulent A. salmonicida ATCC 14174 strain. The Prtderivatives (five tested) of this strain showed no significant change in their susceptibilities to any of the test antibiotics (Table 2) . Also, no antibiotic-resistant colonies selected from the ATCC 14174 strain were exoprotease negative.
A layer and antibiotic susceptibilities. All virulent wild-type A. salmonicida isolates from diseased fish and the Prt-, multiple low-level resistance (mir) mutants isolated from them possessed an outer protein layer, the A layer (14, 28) , as seen by transmission electron microscopy (Table 2) . However, the A layer was absent from the avirulent ATCC 14174 strain (14) and its Prt-derivatives.
To determine whether the A layer was involved in the differences observed between Prt-mlr mutants derived from virulent A' strains and Prt-mutants derived from the A-ATCC 14174 strain, A-mutants were obtained following incubation at elevated temperature (14) . No significant differences in antibiotic susceptibilities were found between virulent A' Prt+ strains and their A-Prt+ derivatives or between A" Prt-mlr mutants and their A-Prt-mlr derivatives (Table 2) . Furthermore, A-Prt-mutants subsequently isolated from the A-Prt+ mutants were found to exhibit the multiple low-level antibiotic resistance.
Outer membrane proteins of Prt-mlr mutants. Since susceptibility of the Prt-mlr mutants was decreased toward a number of lower-molecular-mass antibiotics, several of which are reported to have intrinsically lower penetration rates in porin-deficient mutants of some other genera of gram-negative bacteria (22) , outer membrane proteins of the mutants were examined.
The outer membrane protein fractions from 6 wild-type strains and 12 of their Prt-mlr derivatives were examined by SDS-PAGE (Fig. 1) . The molecular masses of the major outer membrane proteins from the wild-type strains were very similar to those reported for two other strains of A. salmonicida by Nakajima et al. (20) . However, a major change in the outer membrane protein profiles of all Prt-mlr mutants examined was evident when compared with the (20, 100) , and a-lactalbumin (14, 400) . Sources of the strains are given in Tables 1 and 2 except Tables 1 and 2 (Fig. 1) . However, there was no major protein band at this location in any of the outer membrane profiles from A-strains, whether they were Prt+ or Prt- (Fig. 2) . The only Prt-mutants in which no significant changes in the outer membrane protein profiles were observed, when compared with their parent strain, were those mutants isolated from ATCC 14174 (Fig. 2) , and they did not display multiple low-level resistance. DISCUSSION Mutants of A. salmonicida exhibiting a multiple low-level antibiotic resistance could be isolated from all virulent wild-type strains exposed to low inhibitory concentrations of any one of several low-molecular-mass antibiotics. These mutants were obtained at frequencies suggesting point mutations and were found to lack exoprotease activity. Conversely, selection for loss of exoprotease activity resulted in the concurrent appearance of multiple low-level resistance.
In the members of the Enterobacteriaceae, porin proteins are known to regulate the outer membrane permeability of low-molecular-mass solutes, including antibiotics (10, 21, 22, 24) , with an exclusion limit of approximately 550 to 650 Da for saccharides (7, 19, 22) . It has been reported that A. salmonicida possesses outer membrane proteins in the 35-to 45 kDa size range which display charateristics similar to Escherichia coli porins (6) . In the Prt-mlr mutants of A. salmonicida, decreased susceptibilities were observed to a wide range of low-molecular-mass antibiotics (<635 Da) which have varied chemical structures and sites of action in or on the bacterial cell. The penetration of several of these antibiotics through the outer membrane has been shown to be affected in porin-deficient mutants of other gram-negative bacteria (22) . Susceptibilities to several high-molecular-mass (>700 Da) hydrophobic or polycationic antibiotics, which are thought to penetrate the outer membrane by other mechanisms (22) , were not significantly affected in the A. salmonicida Prt-mlr mutants. Outer membrane protein profiles, as seen by SDS-PAGE, revealed that all Prt-mlr mutants were deficient in a major protein band of approximately 38.5-kDa molecular mass and contained a major protein band of approximately 37 kDa which was not present as a major protein in the wild-type strains. The reduced amounts of a protein band of approximately 48 kDa in A' Prt-mlr mutants would not appear to be involved in altering antibiotic susceptibilities since no major 48-kDa protein band was observed in the outer membrane protein profiles of A-strains, including both A-Prt+ and A-Prt-mlr mutants. Also, antibiotic susceptibilities of A-mutants were not different from their A+ parents. Although there are insufficient data at present to specifically correlate the outer membrane protein changes in Prt-mlr mutants with decreased susceptibility to antibiotics, it is tempting to speculate such a relationship. Also, it is interesting to note that the only exception observed was for the avirulent ATCC 14174 strain. The Prt-mutants isolated from this strain did not demonstrate any apparent change in their outer membrane proteins and did not demonstrate multiple low-level resistance.
The relationship between the loss of exoprotease activity and the acquisition of multiple low-level resistance in all Prtmir mutants isolated from virulent wild-type strains is not apparent. Outer membrane proteins are known to be involved in the export of some proteins in gram-negative bacteria (11, 23) . Also, exoprotease-deficient mutants of A. hydrophila (12) and Pseudomonas aeruginosa (8) which are defective in enzyme export across the outer membrane show outer membrane protein changes with similarities to those observed here for A. salmonicida Prt-mlr mutants. With A. hydrophila export mutants, active protease accumulates in the periplasm (12) , whereas with the P. aeruginosa export mutant protease accumulates in the periplasm but in an inactive form (8) . In A. salmonicida wild-type strains protease activity was detected in significant amounts only in the extracellular culture fluid of BHI broth cultures (data not shown). In Prt-mutants, a situation similar to that with the P. aeruginosa export mutant may exist, since no significant protease activity was found associated with any cell fractions. The relationships between outer membrane protein changes, decreased susceptibilities to antibiotics, and loss of exoprotease activity in A. salmonicida Prt-mlr mutants are presently being investigated.
We have not as yet isolated Prt-mlr strains from natural disease outbreaks, but continued use of antibiotics to treat furunculosis outbreaks and remove the asymptomatic carrier
